Development of fuel cells has been boosted by global and regional environmental issues. Among others, the solid oxide fuel cell (SOFC) has been drawing much attention as a unit for distributed energy generation. Numerical analysis is used as a powerful tool in research and development of fuel cells, especially of the SOFC for which important and necessary thermal management information has scarcely been supplied experimentally. A central issue for achieving maximum benefit from the numerical analysis is how to properly model the complex phenomena occurring in the fuel cells. This chapter presents a numerical model for a tubular SOFC including a case with indirect internal reforming. In this model, the velocity field in the air and fuel passages and heat and mass transfer in and around a tubular cell are calculated with a two-dimensional cylindrical coordinate system adopting the axisymmetric assumption. Internal reforming and electro-chemical reactions are both taken into account in the model. Electric potential field and electric current in the cell are also calculated simultaneously allowing their nonuniformity in the peripheral direction. A previously developed quasi-two-dimensional model was adopted to combine the assumed axisymmetry of velocity, heat and mass transfer fields and the peripheral nonuniformity of electric potential field and electric current. Details of those numerical procedures are described and examples of the calculated results are discussed. After presenting a few fundamental results, several strategies to reduce the maximum temperature and temperature gradient of the cell are examined for a case with indirect internal fuel reforming.
Introduction
One of the most important global issues in the present world is the suppression of global warming. Global warming is proceeding related to the increase of atmospheric concentration of carbon dioxide. Discharge of carbon dioxide into the atmosphere occurs in the eruption of volcanoes but the largest emission rate of carbon dioxide originates from power plants and from vehicles both of which support the modern world. Since drastic depression of energy demand and usage of automobiles cannot be accepted easily by people living in the modern society, development of energy conversion systems being free from the emission of carbon dioxide or, at least, of a system having a lower emission rate of carbon dioxide is important. Fuel cells are one of the prospective power generation systems for this purpose. There are five types of fuel cells characterized by the difference in materials for the electrolyte and in this relation by the difference in operation temperature. They are alkaline fuel cells, phosphoric acid fuel cells, polymer electrolyte fuel cells, molten carbonate fuel cells and solid oxide fuel cells (SOFCs). In this chapter, attention is paid to the last one, the SOFC.
Solid oxide fuel cells (SOFCs) have an advantage in that not only hydrogen but also a variety of hydrocarbons can be used as fuels. This is because solid oxides used for the electrolyte, are oxygen-ion conducting materials. In the case of fuel cells using hydrogen-ion conducting or proton conducting materials as the electrolyte, the fuel should in principle be hydrogen only but, in the case of the SOFC, a variety of fuels including carbon monoxide in addition to hydrocarbons can react with oxygenions conducted across the electrolyte. High operation temperature provides another advantage of SOFCs. No catalyst is needed for the electrochemical reaction if they are operated at a reasonably high temperature except in the case of low temperature SOFCs [1] . In addition to this, high quality thermal energy of the effluent from the SOFCs can be recovered in various ways. Construction of a hybrid system that fuses the SOFC to a gas turbine to obtain high electricity generation efficiency is one of them [2] [3] [4] . In addition, steam reforming of hydrocarbon fuels is possible in or around the cells with the aid of high operation temperature. A variety of commercial materials can be used as a catalyst for the reforming reaction. Fuel reforming supplies hydrogen and carbon monoxide from methane as fuel, which makes the fuel cell operation simpler and additionally provides a means to cool and therefore to control the high temperature fuel cell. When the reforming reaction takes place on the anode with heat supplied directly from the electrochemical reaction, it is referred to as direct internal reforming (DIR). In this case, the cell structure is simple because no additional catalyst except the anode is needed. However, there are still difficulties in proper control both of reforming and electrochemical reactions within the anode itself [5] [6] [7] . On the other hand, the case in which the reforming reaction takes place on catalysts that are positioned apart from the anode is referred to as indirect internal reforming (IIR). This is the case treated in this chapter as will be discussed later.
Another advantage of SOFCs is that the electrolyte is solid. This results in geometrical flexibility of the cell design. Several types of SOFCs having different geometry have been proposed, tested and developed so far. They are tubular SOFCs, planar SOFCs and disk type SOFCs. Schematics of the three types of SOFC are illustrated in Fig. 1 . Planar SOFCs and disk type SOFCs are prospective in a point that they can be stacked in a compact way and that they can have higher electric power density. Therefore, they are the subject of keen research and development activities [8] [9] [10] [11] . On the other hand, tubular SOFCs are one of the most developed towards practical use. The two major advantages of the tubular cells are that they have relatively good thermal shock resistance and that there is no need for special sealing treatment. Owing to these advantages, a thousands-hour-long operation test of an atmospheric pressure 100-kW tubular SOFC system has successfully been performed [12] . In this system, cathode-supported SOFCs are used, in which air flows inside the tubular cell structure and fuel flows around the tubular cell along its axis. Natural gas is used as fuel and it is fully reformed in "in-stack reformers", which are placed between the rows of cell bundles composed of many tubular cells. Reformers are heated indirectly by the cells. The cell structure is simpler in this case but the stack structure is rather complicated. On the other hand, in the case of anode-supported SOFCs, fuel flows inside the tubular cell and air flows outside the tubular cell. In this case, a fuel feed tube mounted inside the tubular cell, through which fuel is injected into the tubular cell, can be used as a reformer. The feed tube is filled with the catalyst material and indirect but internal fuel reforming (IIR) proceeds while fuel flows through it. This is the concept of indirect internal reforming type tubular SOFCs (IIR-T-SOFCs) to be discussed in this chapter. In this case, although the cell structure is a little more complicated due to the catalyst to be embedded in it, the stack structure becomes fairly simple. There is no in-stack reformer so that the size and geometry of the stack can be designed more easily and more flexibly for various SOFC electricity generation systems having different power output capacity. In addition, there is a chance to control the local thermal field in the cell by adjusting the distribution density of the fuel reforming catalyst. This is one of the achievements of earlier numerical analyses [13, 14] . At present, development of this type of SOFC is just in a conceptual design stage. So it is meaningful to study its feasibility right now and numerical simulation is considered to be an effective tool for this purpose.
Numerical simulation has become a useful means in research and development in various engineering fields. Fuel cells are no exception and various numerical simulations of fuel cells have been conducted by several research groups. Numerical modeling of fuel cells is complicated due to a variety of phenomena occurring in the cells such as multi-component gas flows with heat and mass transfer, electrochemical reactions between fuel and air, and electric potential field and ionic and electric current in the cell. Numerical simulation is especially important for SOFCs. They need good thermal management because the operation temperature is high. However, the detailed information necessary for management is not easily supplied from measurement. Numerical simulation is a sole means to supply such information. There are two types of numerical simulations applied to SOFCs. One is for a single cell [15] [16] [17] [18] [19] [20] and another for a stacked-cell module [21] [22] [23] [24] . In this chapter, the former type of numerical simulation is treated and in particular description is given to a numerical model developed for a tubular SOFC including a case of IIR-T-SOFC based on the model for the cathode-supported tubular SOFC reported in [15, 16] . Finally, some results are also presented as examples of the simulations made with the described model.
General remarks on the mechanism of IIR-T-SOFC
Prior to describing the numerical modeling and simulated results, general remarks will be given to the phenomena in the indirect internal reforming tubular solid oxide fuel cells, the IIR-T-SOFCs, in this section. Except for the part related to internal fuel reforming, description to follow can be applied to a general case without internal fuel reforming including the case of a conventional cathode-supported tubular solid oxide fuel cell. Figure 2 shows schematic views of two types of a tubular SOFC. One is a conventional Siemens-Westinghouse type cathode-supported tubular cell [25] and another is a single cell to be used in the IIR-T-SOFC stack. The latter type of fuel cell consists of a tubular cell and a feed tube inserted in it, basically similar to a design of conventional tubular SOFCs. The cell tube is composed of two electrodes sandwiching an electrolyte layer. Electrochemical reactions take place at both these electrodes, anode and cathode. The difference between the two cases illustrated in Fig. 2 is that the hydrocarbon to be used as fuel flows inside the feed tube and that the feed tube is filled with porous catalysts in the case of the IIR-T-SOFC. So fuel is reformed "indirectly" in each tubular cell. That is to say, fuel is reformed inside the feed tube, changes flow direction at the closed end of the cell tube, reacts electrochemically on the anode and then flows out of the cell. On the other hand, air flows outside the cell tube and reacts on the cathode. One drawback of this cell design is that the interconnects are exposed to the high-temperature air so that serious oxidization of the interconnects may occur. However, this problem is being resolved due to the development of new interconnect materials such as the doped-lanthanum chromite series in recent years [26, 27] .
Tubular cell
The tubular cell can be stacked either electrically in series or electrically in parallel as shown in Fig. 3 . The number of the tubular cells in the stack is adjusted so www.witpress.com, ISSN 1755-8336 (on-line) as to fit the required electricity capacity. When the number of the cells is sufficiently large, most of the cells in the core region of the stack should be in the same thermal and operating conditions. Therefore, attention is paid in the present study to a single representative tubular cell in the core region of the stack.
Internal reforming process
One of the important phenomena occurring in the IIR-T-SOFCs is the internal reforming of fuel and it takes place, as mentioned above, inside the feed tube. Although a variety of hydrocarbons can be used as fuel, description is given here as an example for the case where methane, a major component of natural gas, is used as fuel.
For methane, the steam reforming process is widely known as a conventional process for producing hydrogen [28, 29] and it proceeds on catalysts such as nickelalumina through the following two chemical reactions:
Reforming reaction:
(1) Shift Reaction:
The equilibrium constant of the steam reforming reaction described by eqn (1) is reasonably large so that methane can almost totally be reformed if the system is kept at the operation temperature 700 • C or higher. However, a supply of thermal energy is needed for the reforming reaction to proceed since it is strongly endothermic. Therefore, how methane is reformed inside the feed tube is highly dependent on the local conditions including not only temperature but also partial pressure of each chemical species and density of the catalysts. On the other hand, the water-gas shift reaction described by eqn (2) is a weak exothermic reaction. The important point is that the shift reaction is almost in equilibrium in the entire fuel passage because its reaction rate is much faster than that of the steam reforming reaction.
Electrochemical process
The most important phenomenon occurring in the tubular cell is a series of events associated with the electrochemical reaction. In the case where methane is used as fuel and is totally reformed inside the feed tube, the electrochemical processes on the anode and cathode can be described by the following reactions: Overall reactions are equivalent to the following: Figure 4 illustrates the mechanism of the electrochemical processes in the tubular cell. On the cathode side, oxygen ions are produced by the combination of oxygen molecules in the air flow with electrons. The produced oxygen ions move through the electrolyte to the anode side. Electrons are released from the oxygen ions at the anode and the produced oxygen molecules react with hydrogen or carbon monoxide molecules there. The electrons released through the anode reactions move to the cathode of the neighbouring cell through the interconnect or return to the original cathode via an external circuit -i.e. electric current is generated through the tubular cells.
The magnitude of the electric current directly relates to the rates of the electrochemical reactions and depends on a variety of factors. These factors can be classified into three groups: electromotive force, internal resistance, and external load of the cell. The electromotive force is an ideal cell terminal voltage to be achieved at zero electric current or when the electrochemical reaction proceeds very slowly. The internal resistance causes the loss of terminal voltage and includes three different types of overpotentials; namely ohmic overpotential, activation overpotential and concentration overpotential. Finally, the external load of the cell regulates the electric current to be realized with the fuel cell under operation and is actually equal to the cell terminal voltage divided by the magnitude of electric current.
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The electromotive force is largely determined by the concentration of fuel. In general, it decreases as hydrogen and carbon monoxide are consumed and therefore as their concentrations become lower. As for the ohmic overpotential, ionic conductivity of the electrolyte is one of the important factors. It has a tendency to decrease as the temperature rises. This is the main reason why operation temperature must be high in the case of SOFCs. Electric conductivity of the electrodes also affects the magnitude of the ohmic loss of terminal voltage. Electric current flows through the electrodes basically in the circumferential direction as shown in Fig. 4 . Activation overpotential occurs related to the sluggishness of electrochemical reaction and tends to decrease as the cell temperature rises. Concentration overpotential is also an important factor affecting the cell performance and is related to the radial concentration nonuniformity of participating chemical species, i.e. fuel and oxygen. At the reaction sites, their concentrations are lower so that the real electromotive force to be attained under such concentrations is lower than the counterpart that would be achieved using the concentration in the core flow regions. This difference is the concentration overpotential. These electromotive forces and internal resistances vary from place to place because temperature and gas composition are not uniform in the cell. Finally, as for the external load, electric current becomes larger and terminal voltage becomes lower as it decreases. Therefore, the output power of the cell, which is the product of the electric current and the terminal voltage, reaches a peak at a certain value of the electric current or of the external load.
Purpose and key points of the analysis
In the development of good SOFCs, in particular, good IIR-T-SOFCs, there are three fundamental problems to be solved: how to improve the power generation performance, how to prevent thermal crack failure, and how to reduce the cost of production. Numerical analysis is expected to contribute to the solution of these issues. Among them, the thermal crack issue is an especially suitable one to be tackled with numerical analysis. Thermal crack failure is caused by a combination of several thermal conditions including the appearance of a hot spot or of excessively high temperature, the generation of excessively large spatial temperature gradients, the time changing rate of temperature in start-up of the fuel cells and the frequency of load change or of thermal conditions in practical operation. Cell temperature or electrochemical and other chemical reactions governing the cell temperature cannot be measured and such detailed information can only be supplied from numerical analysis.
The thermal field in the cell is determined by the balance of several fundamental phenomena: heat generation accompanied with the electric current and the electrochemical processes, heat transfer among different parts of the cell having different temperature, heat absorption by the endothermic internal fuel reforming process, and heat removal by the air flow. Therefore, we must integrate all of the calculation for the gas flow fields, temperature fields both in gas flow passages and solid parts, electrochemical and fuel reforming processes and related mass transfer fields of participating chemical species, and ionic and electric current fields. This must be done with some assumptions to keep the computation load within the reach of engineering workstations but certainly must be done as accurately as possible in order to establish reasonable databases for the thermal field of the cell. As for the gas flow velocity, temperature and mass transfer fields, at least two-dimensional axisymmetric analysis would be required to study heat and mass transfer at a reasonably accurate level. Meanwhile, consideration of peripheral nonuniformity is requisite for the electric potential field. This is because, although ionic current occurs in radial direction across the electrolyte, electric current flows basically in the circumferential direction in the electrodes as shown in Fig. 4 . Of course it is better if three-dimensionality is taken into account for all related fields, but it requires an extremely large CPU time. Hence what to assume and how to integrate those calculations are the key points of the numerical analysis on tubular SOFCs including the IIR-T-SOFCs. In this study, a previously developed quasi-two dimensional treatment [15, 16] is adopted as a base to develop the new model. This quasi-two dimensional model combines the assumed axisymmetry of the velocity, heat and mass transfer fields with the peripheral nonuniformity of the electric potential and electric current fields.
Numerical modeling
This section presents the details of the numerical modeling of a tubular SOFC, particularly of an IIR-T-SOFC. This model is based on a previously developed model for a cathode-supported tubular SOFC to be operated with reformed fuel or especially with hydrogen [15, 16] . Therefore, the main parts of the model are common to both cases with and without accompanying internal fuel reforming. However, some general parts common to both cases will be outlined for simplicity referring to the references and other parts specific to the case with indirect internal reforming will be emphasized.
As mentioned in the preceding section, various phenomena occur in the tubular cell such as gas flows, heat and mass transfer, internal reforming, electrochemical reaction, non-uniform electric potential field and ionic and electric currents and generation of heat and electricity. These phenomena are closely related to one another, thus they should be considered simultaneously in the numerical analysis. For the sake of the reader's convenience, geometry of the cell and general assumptions adopted in the present model are described as a preparation to read the following parts. After this, modeling for the most basic phenomena in fuel cells, i.e. electrochemical reactions, will be described first. Next, reforming and shift reactions are described. Then, the modeling for the velocity, temperature and concentration fields will be discussed. Description will be made of the modeling for electric potential fields, electric current and ohmic heating. Finally, an overall picture of the model is given at the end of the section.
Computational domain and general assumptions for heat and mass transfer
A longitudinal sectional view of the tubular cell is shown in Fig. 5 with the dimensions and the chemical reaction equations to be considered in this study. In the examples for IIR-T-SOFCs, of which results will be discussed later, the cell tube geometry is assumed to be 500 mm long and to have a 6.9 mm inner radius and a 9.6 mm outer radius. For computational convenience, air is taken to flow through an annular space between a tubular fuel cell outer surface and a co-axial confining cylindrical wall of which the radius is 14.6 mm. A square drawn with a fine dotted line in Fig. 3 illustrates the average air flow space in a stack. The surface of this artificial confining wall is assumed to be thermally adiabatic and the area of the annular space is equated with the average air flow space for a single cell in a stack. This treatment is reasonable for a tubular cell located in the core of stack. The hemi-spherical tube end is replaced by a flat end in the model and the computational domain is indicated by the broken line in Fig. 5 . The cell tube and fuel feed tube are solid and the feed tube is assumed to be filled with porous catalytic material, and the other areas are gas flow passages. In this study, except in a case of a hydrogen-fuelled cathode-supported tubular SOFC, fuel is assumed to be a mixture of fresh methane and recirculated effluent exhausted from the fuel cell, namely a mixture of hydrogen, steam, CO, CO 2 and methane, and air is treated as a mixture of oxygen and nitrogen. All gas components are treated as ideal gases in the calculation of density and electromotive force. In the calculation of thermal fields, temperature is adopted as a variable to solve but the thermodynamic properties like specific heat at constant pressure, enthalpy and Gibb's free energy and transport properties like viscosity and heat conductivity are treated variable with temperature. Their local values are evaluated at local temperature by consulting the tables of properties included in the program [30, 31] . Properties of mixture are evaluated with mixing laws by making use of the partial pressure of each chemical species [32] . Gaseous fluids are treated to be Newtonian and Reynolds number is lower than two hundred so that both air and fuel flows are assumed to be laminar, steady and axisymmetric. The effect of gravity is not considered.
Model for electrochemical reactions
The most basic phenomena in the fuel cell are the electrochemical processes by which chemical energy of the fuel is directly converted into electricity. In this relation, consumption of fuel and oxygen occurs. In addition to electricity generation, heat is generated as an ineffective part of the used chemical energy of the fuel. Here it is first discussed how they are modelled.
As mentioned in the preceding section and shown in Fig. 5 , the electro-chemical reactions of hydrogen and CO, described by eqns (6) and (7), are considered in this study. The local electromotive forces to be generated by these reactions are calculated based on the following Nernst equation:
where
The subscripts "H 2 /O 2 " and "CO/O 2 " indicate the reactions of eqns (6) and (7), respectively. G 0
are the changes of the standard Gibbs free energy accompanied with the reactions, and F is the Faraday constant. It is noted here that the local partial pressures of chemical species at the surface of each electrode are assigned to the partial pressures in the above equations. This means that the concentration overpotential related to the concentration non-uniformity existing in the fuel and air flow passages is automatically taken into account in the electromotive forces described by eqns (8) and (9) . The overall electrochemical reactions described by eqns (6) and (7) can be divided into the electrode reactions described by eqns (3), (4) and (5) . It is necessary to consider the activation overpotential for each electrode reaction. In this study, the following equations suggested by Achenbach [18] are used to describe the activation overpotentials:
where k H 2 , k CO (6) and (7), respectively, which are related to the consumption rates of hydrogen and carbon monoxide as will be discussed later. They are also related to the local current density i as follows:
Here the following relations exist between the electromotive force, activation overpotential, ionic current density across the electrolyte, and the electric potential of the anode and cathode, V a and V c :
where R e is the ionic resistivity of the electrolyte, which can be estimated considering temperature dependency as suggested by Bessette et al. [19] , and h e is the thickness of the electrolyte. From the above relationships, the local current density i is obtained if the local potential difference V c − V a is given, or vice versa. In the present model, interconnects are assumed to work ideally and potential difference V c − V a is therefore assumed to be constant along the tube axis. It is therefore equal to the cell terminal voltage. As will be explained later, the cell terminal voltage is given to start the computation and both the current density and potential fields are calculated by making use of an equivalent electrical circuit model, details of which will be discussed later. In eqns (16) and (17), note that concentration overpotential to occur in relation with the nonuniform distributions of participating chemical species in air and fuel flow passages has been taken into account in eqns (8) and (9). However, the concentration overpotential to be generated by the diffusion resistance of participating chemical species inside thin anode and cathode layers has been ignored. An approximate method to treat this type of concentration overpotential has been proposed in [33] . However, microstructure of the porous electrodes, or more specifically tortuosity as well as porosity and permeability of the porous electrodes, is not normally available. The authors found that the magnitude of the ignored concentration overpotential is not large for a case without the indirect internal fuel reforming but in future this must be revisited more carefully when appropriate data for the structure of the cell supporting material and porous electrodes become available.
Model for internal fuel reforming
Steam reforming of methane proceeds in the fuel feed tube preceding the electrochemical reactions at the electrodes in the case of the IIR-T-SOFC. Therefore the modeling of internal fuel reforming is now discussed. As shown in Fig. 5 , the steam reforming reaction described by eqn (1) and water-gas shift reaction described by eqn (2) are considered inside the feed tube, and the shift reaction is considered to further proceed outside the feed tube too. In this study, the reaction rates of the two reactions, R st and R sh , are locally calculated as follows:
Equation (18) is based on an empirical formula suggested by Odegard et al. which is referred to in reference [34] . W cat is the filling mass density of the catalyst for the steam reforming and it is an important parameter in a sense that control of its distribution can be used as a means to change the distribution pattern of cell temperature. In some examples to be discussed later, it is actually demonstrated how this control is effective. R 0 is the universal gas constant. k + sh and k − sh denote the rate constants of forward and backward water-gas shift reactions and the value of R sh is determined following the method suggested by Lehnert et al. [35] . Their values vary from one place to another because of the nonuniform distribution of cell temperature. An important point is that these constants are so large that the shift reaction is always close to its equilibrium. Chemical equilibrium is represented by the equilibrium constant which is a function of temperature and is equal to the ratio between the reactant partial pressures and the product partial pressures as follows:
where G 0 sh is the change of the standard Gibbs free energy accompanied with the shift reaction. This equilibrium constant is introduced into eqn (19) to calculate the rate of the shift reaction.
Governing equations of velocity, temperature and concentration fields and boundary conditions
Air and fuel are continuously supplied to a fuel cell to keep its appropriate operation and they flow through their respective flow passages in and around the fuel cell. Electrochemical reactions are supplied by diffusion of the participating chemical species from the core flow region toward the reaction sites. Generated heat in the cell is partly used as a source to supply the energy to support the endothermic reforming reaction proceeding in the fuel feed tube but its main portion is transferred to and removed by fuel and air flows. Heat generation is an ineffective part of chemical energy converted in the fuel cell and therefore occurs at a rate related to the rate of electricity generation. Electricity generation results from the electrochemical reaction of the fuel. The fuel consumption rate is related to the electric charge or ionic transfer rate across the electrolyte. Electric current occurs in the electrodes where the transferred electric charge is collected. Electric current occurs in a pattern consistent with the electric potential fields to be established in the electrodes. Ohmic heat generation occurs in accordance with the electric current in the electrodes and ionic current across the electrolyte. All these phenomena are interrelated to each other in a complicated manner. Therefore, all of the equations governing the phenomena must be integrated in a consistent manner and must be solved simultaneously in an iterative procedure. The most basic governing equations to be solved in the numerical model are the ones for the velocity field, temperature field and concentration field in the fuel cell. They are different among the three kinds of areas: gas area, solid area and porous area. For the gas area, the following two-dimensional continuity, momentum, energy and mass transfer equations for laminar flows apply:
In the above equations, U x and U r are the x-and r-components of the velocity and T is the temperature. Y j is the mass fraction of chemical species j and D jm is the mass diffusivity of species j in the multicomponent mixture of gases. As described above, all of the thermodynamic and transport properties of each chemical species are treated as local variables varying with temperature and the properties of the mixture are evaluated based on mixing laws by making use of the mass fraction of each chemical species. The terms Q and S j in eqns (24) and (25) denote the source terms to be described later. The effects of the electrochemical and reforming reactions on the thermal and concentration fields are included in these source terms. The effect of radiative heat transfer appears in the matching conditions at gassolid interfaces. However, viscous dissipation in the energy equation is neglected. Thermal diffusion in mass transfer and enthalpy transfer due to species mass transfer are not considered either in the present model. For the solid part, the governing equation to be solved is the following heat conduction equation:
where λ s is the thermal conductivity of the solid. Values of λ s of each material are treated to be constant and specific values used in the present study are shown in Table 1 [34] . For the porous area, the governing equations derived by the method of volumeaveraging are applied because the microstructure of porous media is generally too complicated to be considered directly in computations. In the adopted method, physical values are locally-averaged for a representative elementary volume, which is sufficiently larger than the scale of the fine structure of the porous medium and is sufficiently smaller than the scale of the porous body itself [36] . Consequently, the following transport equations of the averaged physical values are used in the present model:
In principle, the physical values in the above equations represent the local "intrinsic" phase average of the gas (average over the gas volume, rather than the www.witpress.com, ISSN 1755-8336 (on-line) 
total volume). This is the case for U x and U r which denote the gas phase average of the local gas velocity components. However, this is not the case for temperature.
A two-equation model for the thermal field [37] is not adopted in this study so that local thermal equilibrium between the two phases is assumed. Therefore, T denotes the local average both over the gas and solid phases. In addition, ε and K are the porosity and permeability of the porous medium, respectively. f is the inertia coefficient that depends on the Reynolds number and the microstructure of the porous medium [38] , while λ eff and D jm,eff are the effective thermal conductivity and the effective mass diffusivity of species j, respectively. Values of these parameters used in this study are shown in Table 2 .
The above three pairs of governing equations are properly conjugated to match at the boundaries between different areas. No-slip condition is applied for the velocity field at solid surfaces and gas-electrode interfaces. Impermeable condition is also applied to the artificial confining wall of air flow and the inner and outer surfaces of the fuel feed tube. At the gas-electrode interfaces, the normal velocity component is set equal to a value incurred by non-zero mass flow rate at the electrode due to the electrochemical reaction [16] . The artificial air-flow-confining wall is assumed to be thermally adiabatic and continuity of heat flux is applied at all of other solid surfaces and gas-electrode interfaces. At the gas-electrode interfaces, mass production or consumption rate of each chemical species is equated to a value regulated by the electrochemical reaction, which will be briefly discussed later. Other solid surfaces are treated as unreactive. In starting computation, inlet conditions must be given for air and fuel flows. In addition, the cell terminal voltage is given as an external condition to start the computation and electric current density to be achieved under the given terminal voltage is calculated. Through iteration, velocity, temperature and concentration fields are determined as their converged solutions.
Discretization scheme
All the above governing equations can be solved only numerically and introduction of some sort of discretization is indispensable. So, a short description is given here about the discretization scheme adopted in the present model just as a hint for some readers who may want to develop their own home-made program. However, it may be worth noting that a number of commercial codes available for general use in a variety of thermo-fluid problems may be transformed into one applicable for fuel cell simulation.
All the above governing equationsl listed in section 3.4, eqn (21) through eqn (31) , and eqns (38) and (39) to appear in section 3.6 also can be expressed in 
the following general form:
where φ represents the variable of interest.ρ and are the coefficients of the convection term and the diffusion term, respectively, whileŜ denotes the source term. Specific values of these factors are summarized in Table 3 for several equations. Although there are a variety of discretization schemes available, the finite volume method is adopted in the present model with the staggered grid system. In the staggered grid system, two types of grid arrangements are provided: the velocity grids to store the velocity components and the normal grids for the other scalars such as pressure, temperature and concentrations. The velocity grids are shifted in position from the normal grids as illustrated in Fig. 6 to stably couple the velocity and pressure fields [39] . Integrating over each control volume for the normal grids, painted grey in Fig. 6 , eqn (32) can be discretized into the following form: in which the subscripts e, w, n and s indicate the positions of four faces of the control volume under consideration, and r m denotes the arithmetic mean of r n and r s . Note that the control volume for velocity components is different from the counterpart for a scalar because the staggered grids are employed. In order to interpolate the fluxes of convection and diffusion at the interfaces expressed by e, w, n and s, the Power-Law scheme suggested by Patankar [39] is adopted here. As a result, the fluxes on the interfaces can be represented by the values on the grid points as follows:
where a E is a coefficient determined by the Power-Law scheme. This is an example for the interface e, and similar expression can be adopted on the other interfaces. Consequently, eqn (33) can be transformed into the following algebraic equation:
The above discretized equations for velocity, temperature and concentration have to be solved simultaneously since gas properties are dependent on temperature and concentration of each gas component. To solve for velocity, the pressure field must be determined because the pressure gradient is included in the momentum equations. In order to solve both the velocity and pressure fields concurrently, the SIMPLE algorithm put forward by Patankar et al. [39] is adopted in this model. Other details of discretization may be found in [39] .
Equations for electric potential and electric circuit
Here is described the method to calculate the electric potential fields to be generated in electrodes and accompanying flow of electric current. The mathematical description in this section is given directly in discretized form for the reader's convenience. In the present model, it is assumed that ionic current flows only radially across the electrolyte but electric current through electrode layers only in the circumferential (θ) direction as shown in Fig. 4 based on the fact that the electric resistivities of the electrodes are much smaller than the ionic resistivity of the electrolyte. In addition, the interconnect is treated to act ideally so that the potential difference between its position attaching the anode, θ = 0 • , and its position attaching the cathode, θ = 180 • , is taken to be equal to the cell terminal voltage. Figure 7 illustrates the grid system adopted in the calculation of the electric potential field in the cell tube and accompanying electric current. According to Kirchhoff's law, the following discretized equations can be derived for both of the two electrodes:
where i PP is the current density given by eqn (15) along a particular line connecting the grid points P and P located across the electrolyte as illustrated in Fig. 7 . i u , i d , i u and i d are the values of current density to occur respectively along the four lines connecting the two grid points separated in the circumferential direction, U and P and P and D in the anode layer and U and P and P and D in the cathode layer. r e is the radius of the mid surface of the cylindrical electrolyte shell layer. According to Ohm's law, the electric current in the electrodes can be related to the difference in the electric potential between the related grid points:
where R a and R c are the electric resistivities of the anode and cathode, respectively. They are estimated by the empirical formula suggested by Bessette et al. [19] in this model. Rewriting eqn (15) withẼ defined by the following equation:
the electric current across the electrolyte i PP can be represented by the potential difference andẼ as follows:
Hence eqns (40) through (43) can be rewritten into the following algebraic equations:
eqns (44) and (45) can be solved numerically with a scheme similar to the one to solve momentum, heat and mass transfer equations described in the Section 3.5.
Mass production or consumption rate of each chemical species through electrochemical and reforming reactions
The mass production rate of each chemical species by the electrochemical reactions is directly related to the electric current density caused by each of the electrochemical reactions, eqns (6) and (7), and its value,ṡ j , is tabulated in Table 4 . For example, the mass consumption rate of hydrogen,ṡ H 2 , is equal to the product of the molecular (1)
weight M H 2 and the molar consumption rate of hydrogen
, where the Faraday constant F designates the electric charge of one mole of electrons. It must be noted here that two moles of electrons participate into the electrochemical reaction of one mole of hydrogen as seen in Fig. 5 . These species mass production rates have nonuniform distributions in the circumferential direction because the current density is nonuniform in that direction. In the present quasi-two-dimensional model, therefore, they are peripherally averaged before being introduced into axisymmetric two dimensional mass transfer equations for the concentration fields.
The production or consumption rate of each chemical species by the reforming and shift reactions is also calculated as shown in Table 5 . The value of mass production or consumption rate for each chemical species is introduced into the species mass transfer equation as a part of its source term.
Model for thermodynamic heat generation rates
The thermodynamic heat generation rates related to the electrochemical reactions are equal to the generation rate of the ineffective part of the input energy, which cannot be converted into electricity, and are calculated as follows:
These heat generation rates are included in the calculations of the energy equation as a part of its source term. The thermodynamic heat generation rate by the reforming www.witpress.com, ISSN 1755-8336 (on-line) reactions, are calculated based on the reaction rates discussed in the Sections 3.3 and 3.7, as follows:
where H st and H sh are the enthalpy change accompanied with each reaction.
Ohmic heat generation
With the current density and electric potential fields obtained in Section 3.6, ohmic heat generation rates in the electrodes and electrolyte are calculated as follows:
These heat generation rates are nonuniform in the θ-direction. In the present quasitwo-dimensional method, they are peripherally averaged before they are introduced into the source term of the axisymmetric two-dimensional energy equation for the thermal field [15, 16] . Averaged results for the heat generation rates read as follows:
Radiation model
Now modeling of radiation heat transfer will be discussed. In the present model, the radiation heat transfer between the inner surface of the cell tube and the outer surface of the feed tube is considered. In the case of the IIR-T-SOFC, this plays an important role in transferring the heat generated by the electrochemical reactions at the tubular cell to the feed tube, and therefore, to the reaction site of endothermic fuel reforming.
In the case of a tubular SOFC, the cell tube is slender in geometry. For example, in the case of a tubular IIR-T-SOFC to be studied in this chapter, the fuel flow passage is an annular space between two cylindrical surfaces facing to each other, i.e. anode surface and fuel feed tube outer surface. The width of the annular space is 2.4 mm. This is quite small compared to the cell tube length, 500 mm. This slenderness of the tubular cell has important implications for thermal radiation.
The first of the implications to note here is that the optical length of the gas media flowing through the annular space is small. Emittance of the gas layer is given as the product of the optical length and absorption coefficient of gas which is an increasing function of the partial pressure of each chemical species participating in radiation. So absorption into or emission from gaseous media can be neglected or the annular space can be treated transparent to radiation so long as the operation pressure is not very high.
Description of the modeling of radiation heat transfer will begin with an explanation about the computation method of radiation heat transfer for general use. Certainly, the first feature of thermal radiation in a tubular fuel cell just noted above is taken into account. For more details of this part of discussion, refer to the reference [40] . Now consideration is given to an enclosure covered by the inner surface of the anode and the outer surface of the fuel feed tube and this enclosure is considered to consist of N diffusely emitting and diffusely reflecting gray surfaces. The surfaces are each isothermal. Surface j has temperature T j and emittance ε j . The net rate of heat loss flux q i from a surface i is equal to the difference between the emitted radiation and absorbed portion of the incident radiation. Therefore, it is given as:
where I i is the radiation incident on surface i per unit time and unit area and absorptance of the surface i is replaced by the emittance ε i taking into account Kirchhoff's law of radiation.
Here is introduced the radiosity B j of a surface j. The radiosity is the sum of the reflected and emitted radiant fluxes. So the following relationship holds:
A fraction of B j is directed to the surface i and contributes to the incident radiation on the surface i. Such contribution from the surface j to the incident radiation on surface i per unit area is now calculated as:
where F ji and F ij are the shape factors and the reciprocity rule A j F ji = A i F ij has been used. Now similar contributions come from every surface so that I i is finally expressed as follows:
Iterative calculation is needed to determine the value of I i or the value of q i with the determined value of I i . However, this iterative procedure needs a large computational load if a large number is assigned to N . Actually the computation is excessively large for the present purpose of using the result for optimum design or thermal management of a tubular SOFC. Therefore, introduction of a certain degree of approximation into the modeling is desirable. The procedure followed is to reduce the number of surfaces considered in the computation. The approximation adopted in the present model is again based on the slenderness of the tubular cell. For just an example, attention is paid to a geometrical situation www.witpress.com, ISSN 1755-8336 (on-line) Figure 8 : Geometry of two facing surfaces. illustrated in Fig. 8 . Two small elementary surfaces having 20 mm length, surfaces 1 and 2, are positioned in parallel to each other at a distance of 2.4 mm in this figure. An angle viewing one of them, say surface 1, from a point M on another surface 2 is about 153 degrees. The viewing angle of other parts, say surface 3, outside the surface 1 from the point M is only 27 degrees. So, the value of F 21 is close to 1 and both of F 23 and F 32 are close to zero. Naming the surfaces situated on both sides of the surface 2 as surface 4, F 24 = 0 and F 22 = 0 hold. From the same reasoning as above both of F 14 and F 41 are close to zero too. So, based on the slender geometry of the tubular cell, radiation heat transfer between the two surfaces 1 and 2, directly facing each other, is considered. Then, it can be assumed that only two shape factors F 21 and F 12 take a non-zero value. Under this treatment, eqn (61) can be very much simplified. Certainly, by increasing the number of the surfaces, a better approximation is obtained but at the cost of computational time. Now assigning the suffix 1 to the anode inner surface and 2 to the fuel feed tube outer surface, F 21 = 1, F 12 = A 2 /A 1 and F 11 = 1 − A 2 /A 1 hold under the adopted assumption. Thus eqn (61) can be approximated as:
and eqn (60) as:
Similarly, eqn (58) can finally be approximated as:
In the present model, these equations are locally used at each axial position and these radiant fluxes are included in the calculation of heat transfer as a part of the heat flux both at the inner surface of the anode and at the outer surface of the fuel feed tube.
Monochromatic radiation properties of ceramics are highly dependent on wavelength [41, 42] . Pore size of the electrodes and support materials is close to the wavelength of thermal radiation. Thinning the electrodes creates a similar situation that the electrode thickness comes closer to the wavelength too. This situation makes the problem complicated. Pore microstructure affects the wavelength dependency of the radiation properties of the fuel cell element materials and thin element layer can become semi-opaque. Therefore, sophisticated treatment of the radiation properties of the electrode and support materials is desirable. However, radiation properties of such materials have not been thoroughly studied yet. Therefore, for simplicity, the absorption coefficient of the solid materials of the fuel cell is assumed to be constant in the present model. This assumption however must be revisited when the micro structure and radiation properties of the fuel cell element materials have been thoroughly studied.
Radiation heat transfer among the tubular cells in the module can be another factor affecting the performance of the fuel cell. This is very true in the case of the module having an "in-stack reformer". However, in the case of the present IIR-T-SOFC or a tubular SOFC using fuel reformed outside the module, every single tubular fuel cell located in the core of the module is surrounded by other tubular fuel cells similar in conditions including the temperature distribution on the outer surface of the cell tube. Again, the space between neighbouring tubular cells is small since tubular cells are stacked in a compact way in the module. So neglecting radiation heat transfer between the outer surfaces of neighbouring tubular cells is less serious in such cases of a tubular SOFC. However, it must be studied more seriously in the case of the module having an in-stack reformer and this heat transfer is a problem to be carefully studied in the modeling of cell stack modules.
Overall picture of the model
In closing this section, an overall picture of the model is presented in Fig. 9 . One of the main parts of this computation is the calculation of the temperature and concentration fields assuming their two-dimensionality. Based on the calculated temperature and species concentrations, the electromotive force and several resistances are calculated for the calculation of electric current and potential fields allowing their circumferential nonuniformity, which is another main part of this model. Based on the results of the electric fields, the peripheral average of the ohmic heat generation is calculated. Local current density is related to the mass production rate of participating chemical species. The heat generation rates and species mass production rates thus calculated are fed back to the calculation of the temperature and concentration.
The gas properties and the reforming reaction rate are also interrelated with the temperature and concentration fields. Therefore, all of the above calculations are iterated simultaneously. As a result of iteration, all of the temperature, concentration and electric fields of the cell are obtained. Finally the cell performance, such as average current density, output power or energy conversion efficiency, is obtained. A more detailed description of this overall scheme can be found in the references [8, 15, 16] . 
Results and discussion
In this section, some calculation results obtained by making use of the numerical model described in the preceding sections are discussed. In section 4.1, discussion is first given to some results of the model applied to a conventional hydrogenfuelled tubular SOFC and its validation is presented by comparing some results with published experimental data. How this model is powerful as a tool for optimum design and thermal management of a tubular SOFC is also demonstrated in this section. In sections 4.2 and 4.3, discussion will be given to some results obtained by applying the model to an IIR-T-SOFC. In section 4.2, the results for a "Base case" will be presented so as to illustrate the essence of the phenomena in a tubular cell accompanying the indirect internal fuel reforming. Then, methods to lower and/or to make more uniform the temperature of the cell will be discussed along with other results in section 4.3.
Results for a cathode-supported tubular SOFC without accompanying indirect internal reforming [16, 43, 44]
In this type of tubular SOFC, as shown in Fig. 2 , air is supplied inside the tubular cell through the air feed tube and fuel flows around the tubular cell in the axial direction. So the innermost layer of the cell is the cathode and outermost layer is the anode. Electrolyte material is assumed to be Yttrium-stabilized Zirconia (YSZ) and the fuel is pure hydrogen. So the parts of the present model concerning fuel reforming and electrochemical reaction of carbon monoxide are inactivated. In this case, heat absorption by the fuel reforming does not exist either and heat transfer from the cathode inner surface to the outer surface of the air feed tube is less important. For this reason, radiation heat transfer between the two surfaces is ignored in this Table 6 (a). Geometry of a tubular cell is kept to be the one given in Table 6 (b) unless otherwise stated. Fuel and air utilization factors are set to be 0.85 and 0.167 respectively. Illustration of local quantities shown in Figs 14-16 is for the case of an electric current density of 3500 A/m 2 . Other details are found in reference [16] . Figure 10 illustrates the current-voltage (I-V) diagram of the studied tubular SOFC. Calculated results agree fairly well with the experiments performed by Hagiwara et al. [45] . For small current density conditions, simulated results are a little higher than the experiments. This over-prediction may be related to a simple treatment of activation overpotential. It is assumed in this particular computation that the activation polarization is proportional to current density and the value of the proportionality constant is adjusted at an optimum current density around 3000 A/m 2 . However, at smaller current density, the cell temperature is lower, and a larger activation overpotential or a larger proportionality constant should have been adopted. In the examples to be discussed in the Section 4.2 and 4.3, more sophisticated treatment of activation overpotential is adopted as already discussed www.witpress.com, ISSN 1755-8336 (on-line) Figure 11 illustrates the cell electricity generation efficiency and the power to be achieved with a single tubular cell. With an increase of current density, power to be obtained increases up to a certain value but efficiency decreases. This is the normal tendency and optimum current density is determined by a trade-off between the two quantities having opposite tendency. Figure 12 shows the cell terminal voltage for four cases of tubular SOFCs having different tube length. All the calculated results almost overlap. In this computation, the fuel utilization factor is kept constant. This means that both air and fuel are supplied at a rate proportional to the cell tube length. Larger air flow rates enhance the cooling of the cell but this is countered by larger ohmic heating at lower temperatures. Under the same electric current density, therefore, both the concentrations of fuel and oxygen decrease at a rate proportional to the tube length almost keeping similarity in the temperature field among the three cases. This results in such a condition that both electrochemical reaction and heat generation proceed similarly or in a manner proportional to the cell tube length. Figure 13 shows the effects of the cell tube diameter. In the case of a cell tube having larger diameter, the length not only of electrolyte but also of electrodes is larger. Then larger ohmic loss occurs, reducing the terminal voltage, and ohmic heat generation also becomes larger because of the larger collection of electric current per unit length of interconnect. Therefore, a thinner tubular cell can have a higher performance. Figure 14 shows the axial distributions of the local EMF and current density. Both quantities show the same tendency to decrease in the downstream direction. Concentrations of hydrogen and oxygen in the first half of the cell are still high so that the EMF in that region is high too. Similarity between the current density distribution and the EMF distribution indicates that the axial electric current is minor compared to the peripheral one or that interconnect works well. Figure 15 shows the temperature distribution in the tubular SOFC unit. As for the fuel flow temperature, it rises downstream of the inlet and approaches 1000 • C, then keeps an almost uniform value in the middle part of the cell and slightly decreases toward the exit end. In the air feed tube, air is heated after it flows into the tube. A noticeable transverse gradient of air temperature is found to exist in the annular space over the whole length of the air feed tube. This gradient drives heat transfer from the cell structure, where heat generation occurs, to the air flow in the annular space. This ensures effective cooling of the cell. Radiative heat transfer, ignored in the present computation, may flatten the streamwise temperature non-uniformity but is not expected to change the trend of the temperature distribution significantly. This is because the convective heat transfer considered in the present study is effective already to reduce the differences in surface temperature among various parts of the cell. So air acts as a coolant of the cell. One point related to the convective heat transfer should be noted here. In various numerical models proposed so far, a constant value for the Nusselt number is used in evaluating the local heat removal rate to the air flow. However, this is not a good assumption and actually the heat transfer coefficient is significantly nonuniform along the axial direction [46] . In relation to the discussion of the concentration polarization, distributions of hydrogen and oxygen concentrations are presented in Fig. 16 . In the fuel passage, the concentration of hydrogen decreases downstream, especially steeply in the first part after the inlet. However, the radial non-uniformity of the hydrogen concentration is not significant so that the related concentration polarization is judged to be minor. In contrast to this, radial non-uniformity of oxygen concentration is noticeable. This difference is attributed to the difference in the diffusivity, i.e. the diffusivity of hydrogen is much higher than that of oxygen. Therefore, concentration polarization induced by the nonuniform distribution of species concentration in the flow space is not negligible at the cathode side but it can be ignored on the anode side.
Results for the Base case with accompanying indirect internal reforming
In the examples for which results will be discussed here, cell tube geometry is assumed as is shown in Fig. 5 to be of 500 mm length, 6.9 mm inner radius and 9.6 mm outer radius. An adiabatic cylindrical wall artificially introduced to confine air flow for computational convenience has 14.6 mm in radius. Other details of cell geometry are tabulated in Table 7 .
The inlet and outlet conditions of the fuel and air are summarized in Table 8 and computational conditions for the Base case are shown in Table 9 . In the present study, fuel mean velocity at the inlet is set equal to such a value that the limiting value of the average current density is about 5000 A/m 2 (e.g. 0.923 m/s when the inlet temperature is 800 • C). In contrast, the air mean velocity at the inlet is set to be 2.0 m/s except for some special cases to be specified later. The fuel and air temperatures at the inlets are changed from one case to another as will be described in a later section but unless otherwise stated they are the values given in the table. The temperature at the closed end of the cell tube is set equal to the air inlet temperature. Catalyst distribution "U-20" means that the catalyst mass density, W cat , is set at 2.0 × 10 6 g/m 3 uniformly inside the feed tube. This is such a value that the supplied methane fuel can be fully reformed even when the electrical circuit is open. In this case, fuel reforming is thermally supported just by the heat transferred from hot air and fuel flows.
The case number for the Base case 2-800U20 indicates that the inlet velocity of the air is 2 m/s, the inlet temperature of the fuel and air is 800 • C, and the catalyst distribution is the pattern U-20. "Neuman" appearing in the table means that zero axial gradient is assumed at the outlet for the variable under concern as its boundary condition. As mentioned before, the cell terminal voltage is given at the start of the computation as a condition to calculate the electric current and potential fields in www.witpress.com, ISSN 1755-8336 (on-line) order to identify the given external load of the cell. Unless otherwise stated, the results of the Base case are shown with particular emphasis on the condition in which the cell terminal voltage is set at 0.55 V and accordingly the average current density becomes 3926 A/m 2 . Figure 17 shows velocity vectors inside and outside the cell tube. Note that this figure is not to scale: the radial (r) direction is magnified ten times larger than the axial (x) direction. The fuel flow is accelerated inside the feed tube due to an increase in the total number of moles caused by the steam reforming. Fuel flows into the cell tube from the open end of feed tube and flows back to the tube outlet through annular fuel flow passage. Fuel flow inside the tube is almost in a stagnant condition at the bottom end.
Thermal and concentration fields
Temperature contours for the same case are shown in Fig. 18 . Note that the darker tone corresponds to the higher local temperature. The temperature in and around the cell basically becomes higher downstream in relation to the air flow because of the heat generation accompanying the electrochemical process. However, the temperature is noticeably lower near the inlet of the fuel due to the endothermic effect of the steam reforming reaction.
Here the x-direction distributions of the temperature inside the electrolyte and the feed tube are shown in Fig. 19 . Conspicuous non-uniformity of temperature exists as seen in the figure. This is not the case of Siemens-Westinghouse type hydrogenfuelled tubular fuel cell [16] and must be avoided because it can lead to thermal crack failures of the cell. Furthermore, the maximum temperature of the electrolyte reaches about 1050 • C, which is the hot spot temperature to be avoided from the material view point. By the way, the broken lines in Fig. 19 show the result in which the effect of radiation described in section 3.4 is excluded. From this result, it is confirmed that the radiation contributes noticeably to the heat transfer between the cell tube and the feed tube in this case with accompanying indirect internal fuel reforming. Figure 20 shows mole fraction contours of hydrogen, steam, CO, CO 2 , methane and O 2 , respectively. Note that the grey tone levels differ among each chemical species. Inside the feed tube, hydrogen and CO are produced while steam and methane are consumed by the steam reforming. Methane is rapidly reformed near the feed tube inlet because the amount of the catalyst is excessive for the operating condition of the cell under study. Meanwhile, outside the feed tube, hydrogen and CO are consumed while steam and CO 2 are produced mainly by the electrochemical reactions. The reason for the considerable change of the mole fraction occurring at the bottom of the cell is that the fuel flow stagnates while the electrochemical reactions take place there. As for the air side, oxygen is consumed by the electrochemical reaction. However, variation of its mole fraction is not so large because the flow rate of air is adjusted so as to effectively remove the generated heat and is normally in excess of that required to complete the electrochemical reactions. In other words, the oxygen utilization factor is set normally as low as 0.2 or 0.3.
The molar flow rates of each chemical species inside and outside the feed tube are shown in Figs 21(a) and (b) , respectively. Characteristics of the electrochemical and reforming reaction described above can be confirmed in these figures.
Electric potential and current fields
Distribution of electromotive force (EMF) is shown in Fig. 21 . Although two different values of EMF, E H 2 /O 2 and E CO/O 2 , are calculated in this study as described in section 3.6, these two differ very slightly from each other by the reason that the shift reaction is very close to equilibrium everywhere in the cell. Hence only E H 2 /O 2 is plotted here as the EMF. As seen in this figure, the EMF strongly depends on the mole fraction of hydrogen at the anode surface: the EMF has a peak near the outlet of the feed tube and becomes lower toward the cell tube outlet. However, it becomes a little higher near the cell tube outlet again due to the larger change of Gibb's free energy, G, at lower temperature.
www.witpress.com, ISSN 1755-8336 (on-line) Distribution of current density is also shown in Fig. 22 . Note that the distribution plotted in this figure is the peripheral average of local current density at each axial position. This figure indicates that the distribution of current density is not similar in shape to that of EMF. This is because the current density is also related to the activation overpotential and the ohmic loss which depend strongly on the temperature. As shown in Fig. 23 , both the activation and ohmic overpotentials are significantly reduced around x = 0.4, where the cell temperature takes a peak value (see Figs 18 and 19) . That is to say, the current density distribution depends on the thermal field as well as, or more than, on the concentration field. At the same time, it is also true that the temperature tends to become higher where the large current is generated, so that a kind of enhancement due to a mutually assisting interaction exists between the cell temperature and the electric current.
Incidentally, the ohmic loss in the anode and cathode is closely related to the distribution of the current density in the θ-direction, which is essentially non-uniform. Details can be found in the references [13, 14] . 
Power generation characteristics
Before moving into the discussion on the power generation characteristics of the fuel cell, results of the electrolyte temperature for several cases of different average current densities are given here. Figure 24(a) shows the x-direction distribution of electrolyte temperature for the cases of average current density 2191, 3081 and 3926 A/m 2 . All the three distributions have similar features as those described in section 4.1.1, but temperature becomes higher on the whole as the average current density becomes larger. The relation between the average current density and the maximum and average temperatures of the electrolyte is shown in Fig. 24(b) . The power generation characteristics of the cell are significantly affected by the cell temperature. Figure 25 shows the cell-averaged EMF, activation overpotential and ohmic loss in the electrolyte for various values of average current density. The cell terminal voltage, which is practically given as the external condition to start the calculation in this study, is also plotted here. From this figure, the following www.witpress.com, ISSN 1755-8336 (on-line) things are confirmed. First, the cell-averaged EMF goes down at a nearly constant rate as the average current density increases. This is largely because the local concentrations of hydrogen and CO decrease due to their larger consumption rates. The activation overpotential does not increase proportionally to the average current density countered by the rise in temperature as mentioned above. The ohmic loss in the electrolyte also does not increase for the same reason. However, the ohmic loss in the anode and cathode, which is basically larger than that in the electrolyte because the electric current flows long distances there in the θ-direction as mentioned in section 3.7, increases nearly in proportion to the average current density. From these results, the output power and energy conversion efficiency of the cell are also obtained as shown in Fig. 26 . Here the efficiency is calculated based on the lower heating value (LHV) of the fuel consumed in the cell. Judging from www.witpress.com, ISSN 1755-8336 (on-line) 
Strategies for the ideal thermal field
As described in section 4.1.1, the thermal field in the cell obtained for the Base case is undesirable in a sense that the thermal field is seriously non-uniform and the maximum temperature is rather high. Hence the strategies to flatten and/or lower the distribution of cell temperature are discussed here. Decreasing the inlet temperatures of the gases is a primary method to lower the cell temperature. Increasing the air flow rate also seems to be effective when the cell temperature is higher than the inlet temperature of the air. To achieve a nearuniform thermal field, controlling the density distribution of catalyst inside the feed tube should be useful. In order to examine those effects, calculations for the four cases summarized in Table 10 have been conducted.
In Case 2-750U20, the inlet temperatures of the gases are decreased down to 750 • C and accordingly the fuel inlet velocity is reduced to 0.880 m/s to keep its molar flow rate at the same value as the Base case. In Case 4-800U20, the air flow rate is doubled from the Base case. In Case 2-800U02 and 2-800L02, the density distribution of catalyst is changed to "U-02" and "L-02", which are described in Fig. 27 . The amounts of the catalyst in U-02 and L-02 are optimised for the conditions of average current density about 4000 A/m 2 . That is, fuel is completely reformed just near the end of the feed tube under such conditions. The calculation results for the above four cases are discussed below in sequence.
Effect of gas inlet temperature
The temperature contours obtained at the average current density 4043 A/m 2 in Case 2-750U20 are shown in Fig. 28 , and the electrolyte temperature distribution in the x-direction is shown in Fig. 29 . Owing to the lower gas inlet temperatures, the cell temperature decreases on the whole. However, the maximum temperature is not so reduced, and thus the non-uniformity of the temperature becomes more serious. This is because the activation overpotential becomes drastically larger where the cell temperature drops below 850 • C and accordingly the current density distribution www.witpress.com, ISSN 1755-8336 (on-line) becomes more noticeably non-uniform as shown in Fig. 30 . Additionally, electricity conversion efficiency decreases by more than 5% compared to the Base case (see Table 11 ) due to the increase in activation overpotential caused by the decrease in temperature. Figure 30 : Effect of the gas inlet temperature on the local current density distribution. 
Effect of air flow rate
The temperature contours obtained for the average current density 3920 A/m 2 in Case 4-800U20 are shown in Fig. 31 , and the electrolyte temperature distribution in the x-direction is shown in Fig. 32 . Owing to the increased flow rate of air, the coolant, the cell temperature, especially the maximum, is fairly reduced in comparison with the Base case, and accordingly the temperature gradient is also reduced. Therefore, to increase the air flow rate is quite effective for flattening the cell temperature distribution, though often it should be adjusted so as to fulfil the requirements to optimize the performance of a topping or bottoming device.
Effect of density distribution of catalyst
The temperature contours obtained for the average current density 3911 A/m 2 of the Case 2-800U02 are shown in Fig. 33 . Since the amount of the catalyst inside the feed tube is optimised, the maximum temperature becomes lower and a sharp fall of the cell temperature near the fuel inlet observed in the Base case is mitigated.
www.witpress.com, ISSN 1755-8336 (on-line) The contours for the average current density 4051 A/m 2 of the Case 2-800L02 are shown in Fig. 34 . The thermal field becomes almost uniform in a large area of the cell by arranging the catalyst density in a linear distribution rather than in the uniform distribution. These effects of the density distribution of the catalyst on the thermal field are seen more clearly in Fig. 35 , which shows the electrolyte temperature distribution in the x-direction. Figure 36 shows the mole flow rate of methane inside the feed tube for the above cases. As shown in this figure, the difference in the catalyst density distribution greatly affects how the internal reforming takes place inside the feed tube, which means how the heat generated by the electrochemical process is absorbed there. However, the total heat absorption rate inside the feed tube is not so changed accompanying the change in the catalyst density distribution because reforming is almost 100% accomplished in all of the above cases. Therefore, the average electrolyte temperature scarcely decreases and accordingly the power generation performance is little affected by the change of the catalyst density distribution (see Table 11 ).
Conclusions
This chapter has presented a numerical model for a single tubular SOFC including a case with accompanying indirect internal fuel reforming or for an IIR-T-SOFC. heat and mass transfer, internal reforming, electrochemical reaction, heat generation and production of chemical species, and generation of electric field proceed inside the cell in a three dimensional manner. All of them are taken into consideration in the developed model but in a quasi-two dimensional way. All aspects of the numerical model and numerical procedures have been described in the first half of this chapter. Some numerical results obtained by using the developed numerical model have been presented, first for a conventional type tubular SOFC and then for an IIR-T-SOFC. In the first part, it was demonstrated how the developed model works in analyzing not only the fuel cell performance but also the details of the phenomena in and around the tubular cell. In the second part, how to reduce the cell temperature gradient has been discussed. The thermal field of the cell is largely determined by the balance of three fundamental phenomena: heat generation with the electrochemical process, heat absorption with the internal reforming process, and heat removal by the air flow. In the electrochemical process, a kind of mutually enhancing interaction has been observed between the rise in cell temperature and increase in electric current. It has been confirmed that increasing the air flow rate or decreasing the air utilization factor is effective to flatten the temperature distribution. It has been also demonstrated that changing the density distribution of the catalyst inside the feed tube greatly affects how the reforming reaction takes place and therefore how the cell is cooled. 
